On the influence of the experimental set-up on the heterogeneous heat response of E. coli K12  by Van Derlinden, Eva et al.
Procedia Food Science 1 (2011) 1067 – 1072
Available online at www.sciencedirect.com
doi:10.1016/j.profoo.2011.09.159
11th International Congress on Engineering and Food (ICEF11) 
On the influence of the experimental set-up on the 
heterogeneous heat response of E. coli K12 
Eva Van Derlinden, Ivan Lule, Kathleen Boons, Jan Van Impea* 
BioTeC - Chemical and Biochemical Process Technology and Control, Department of Chemical Engineering,  
Katholieke Universiteit Leuven, Leuven, Belgium  
 
Abstract 
Preceding dynamic experiments with Escherichia coli K12 revealed disturbed growth curves when temperature 
surpasses the maximum growth temperature. In this work, heat stress dynamics are studied in relation with oxidative 
stress. Different experimental set-ups are selected that result in different oxygen concentrations. Experiments are 
performed in bioreactors with varying settings for aeration and stirring, and in test tubes. It is observed that there is a 
significant effect of the experimental set-up on the dynamics of E. coli K12: reducing the oxygen supplied improves 
survival. These findings emphasize on the importance of a well-considered selection of the experimental set-up.  
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1.Introduction 
During previous research on the effect of elevated temperatures on the behavior of Escherichia coli 
K12, dynamic bioreactor experiments were performed in which E. coli is subjected to a slow temperature 
increase up to 65qC [1]. Irregular growth curves, with two growth phases, separated by an inactivation 
phase, are observed. In trying to explain these disturbed growth curves, it was hypothesized that there 
exist two subpopulations: one subpopulation that is able to overcome the environmental stress and can 
grow, and a second subpopulation that is unable to resist stress and, as a consequence, is destroyed.  
There is increasing evidence that links heat stress, i.e., stress at temperatures above the optimum, with 
oxidative stress when microorganisms are grown in aerobic conditions [2, 3]. Bai et al. [4] proposed that 
there exists an overlap between thermal and oxidative stress. Their findings illustrate that elevated 
temperatures clearly induce oxidative stress events in Aspergillus niger cultures. Sensitivity to both heat 
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and oxidative stress was also noted to be dependent on the membrane lipid composition for 
Saccharomyces cerevisiae [3]. 
Oxidative stress is the outcome of an imbalance between the generation and the elimination of reactive 
oxygen species (ROS). ROS such as superoxide (O2-x), hydrogen peroxide (H2O2) and the hydroxyl 
radical (OH-x) are produced in all aerobic organisms and are normally in balance with antioxidant 
molecules [5]. Univalent electron transfer to molecular oxygen occurs frequently, resulting in the 
generation of the superoxide radical [6]. The dismutation of superoxide radicals to form oxygen and 
hydroperoxide is catalyzed by the superoxide dismutase enzyme [7]. According to Imlay and Fridovich 
[6] the virtual ubiquity in aerobic organisms of superoxide dismutases (SOD) indicates that O2-x 
generation can occur at a toxic rate in the absence of defensive systems. Imlay and Fridovich also 
measured O2-x production by subcellular fractions of SOD-deficient E. coli. They identified the major site 
of O2-x production as the respiratory chain of the cell membrane and that metabolic O2-x production in 
growing E. coli is primarily due to leakage of electrons from the respiratory chain.  
Davies and Linn [8] showed that E. coli contains an active, soluble proteolytic system that can 
recognize and degrade oxidatively denaturated proteins. This proteolytic system can protect cells against 
the accumulation of oxidized proteins and peptide fragments, and thus plays an important role in the 
defense against oxidative stress.  
This work studies the relation between heat stress and oxidative stress and the effect on the population 
of E. coli K12 at temperatures close to Tmax. In the studied temperature range, cells from the E. coli K12 
population can react different to the environmental stresses, i.e., two subpopulations exist. To study the 
effect of heat and oxidative stress on these two subpopulations, E. coli K12 is cultured using different 
experimental set-ups (test tubes & bioreactor) under dynamic temperature conditions.  
2.Materials & Methods  
2.1.Bacterial strain 
A stock culture of Escherichia coli K12 MG1655 (CGSC#6300) was acquired from the E. coli Genetic 
Stock Center from Yale University, and stored at -80qC in Brain Heart infusion (BHI) broth (Oxoid), 
supplemented with 25% glycerol (Acros Organics).  
2.2.Inoculum preparation 
Starter cultures were prepared by transferring a loopful of the stock culture to 20mL of BHI, which 
was placed on a rotary shaker (Unimax 2010, Heidolph) at 175rpm, in a temperature controlled incubator 
at 37qC (model KBP6151, Termaks). After nine hours, 20μL was transferred to 20mL of fresh BHI 
medium, and again incubated under the same conditions for 15h. Appropriate dilutions were made (in 
BHI medium) from the inoculum, and desired amounts were introduced in a bioreactor or test tubes for 
experimentation. 
2.3.Bioreactor experiments  
Dynamic temperature experiments were performed in a computer-controlled bioreactor (Bioflo 3000, 
New Brunswick Scientific Inc.). Temperature, pH and dissolved oxygen concentration were monitored 
online via the AFS-BioCommand software. pH was kept constant at 7.55 by addition of acid (1N H2SO4) 
or base (1N KOH). Aeration and agitation speed were kept at 2L/min and 400rpm, and at 0L/min and 
100rpm for the aerated and the non-aerated bioreactor experiment, respectively. Using the AFS-
Biocommand software, the dynamic time-temperature was imposed. (Data from the aerated bioreactor are 
copied from [1].) 
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2.4.Test tube experiments  
Experiments were performed in test tubes each filled with a specific amount of BHI at the desired cell 
concentration. A series of tubes was placed simultaneously in a water bath (GR150-S12, Grant) with 
accurate temperature control (±0.02qC). A linearly changing time-temperature profile (1qC/h) was 
imposed via the LabWise£ software.  
2.5.Cell counting 
At regular time instants, samples were taken aseptically, and when necessary, diluted in BHI medium 
at room temperature. At all times, samples were homogenized before diluting. Cell density as a function 
of time was determined by plate counting on BHI agar (BHI broth supplemented with 6g/L agar (Oxoid)) 
using a spiral plater (Eddy Jet, IUL Instruments SA). Plates were incubated for 18–24h at 37qC and 
enumerated. The use of BHI broth for dilution as well as for plate counting was supposed to minimize 
stress such that maximum recovery of viable cells was presumed.  
3.Results & Discussion 
In this work, the focus is on the study of the relation between heat stress and oxidative stress 
(determined by the experimental set-up), and specifically the effect of these stresses on the dynamics of 
E. coli K12 MG1655 at temperatures close to Tmax. Hereto, E. coli K12 MG1655 is grown in different 
experimental set-ups (i.e., experiments in bioreactors and test tubes) under dynamic temperature 
conditions. 
3.1.Dynamic temperature conditions 
In a second approach, E. coli is subjected to a dynamic profile: after a short period at 42ºC (0.8h), 
temperature is increased at a rate of 1ºC/h to 65.2ºC.  Experiments are both performed in a computer 
controlled bioreactor and in test tubes placed in the water bath. For the bioreactor experiments, two 
settings are implemented which differ in stirring speed and aeration. In the first experiment, stirring and 
aeration flow are selected to guarantee a homogeneous, O2-saturated environment. The second reactor 
settings are deliberately chosen to mimic the test tube conditions, i.e., slow stirring and no active aeration. 
At the start of this experiment, O2 was not removed from the medium. Given this initial O2 availability, 
the low oxygen uptake rate and the slow stirring, the culture is always aerobic.  
Growth profiles of the aerated and non-aerated bioreactor experiments illustrate growth of E. coli for 
the first hours followed by inactivation, before a second growth phase is observed (Figure 1). From 60qC 
to 65.2qC, scattered cell population data are observed. These dynamics can be related to the hypothesis 
stated in Van Derlinden et al. [1] that there exists a heat sensitive and a heat resistant subpopulation.  
In the test tube experiment, the cell population grows up to 13 ln(CFU/ml) in the first eight hours 
(Figure 1). Inactivation starts at a temperature of about 47qC. Beyond this point, surviving population 
data are noisy. After 23 hours, no surviving population is observed above the detectable limit (2 
ln(CFU/ml)). The test tube experimental set-up presumably does not support survival and multiplication 
of the heat resistant subpopulation. 
For the aerated bioreactor experiment, the highest value of the first growth phase, i.e., approximately 
11 ln(CFU/ml), was observed at about 44.5qC (after 3h), while the second growth phase lasted until 
approximately 18h (| 60qC). In the cell density profile obtained for the non-aerated bioreactor, the first 
growth phase has a maximum value of 18 ln(CFU/ml) at approximately 47-52ºC. The first growth phases 
in the non-aerated bioreactor and test tube experiments are respectively seven and two ln(CFU/ml) higher 
than the first growth phase of the aerated bioreactor. This difference in the cell density profiles can not be 
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explained by a variation in the initial distribution between the heat sensitive and heat resistant 
subpopulation, but rather by the difference in growth ability due to the different experimental set-up. This 
results in a different duration of the first growth phase. 
 
 
Fig. 1.  Behavior of E. coli K12 cultivated in a well-aerated bioreactor (▲), a non-aerated bioreactor (■) and in test tubes filled 
with 1mL (●), with (- -) the temperature-time profile. 
 
These observations suggest that the experimental set-up has an influence on the subpopulation 
dynamics at elevated temperatures. Since the temperature profile is the same in both test tube and 
bioreactor experiments, it can be hypothesized that other environmental factor(s) contribute to the 
behavior of the heat sensitive and the heat resistant subpopulation. A possible underlying mechanism is 
the stirring effect. Malits et al. [9] observed that turbulence can change the bacterial size and morphology, 
and results in higher cell counts. A significant effect of agitation on the behavior of E. coli O157:H7 was 
only observed near the growth/no growth boundaries [10]. However, evidence of the effect of 
stirring/turbulence on the microbial behavior is scarce and contradictory [9]. The most plausible 
explanation for the observed differences between the experimental-set-ups is dissolved oxygen 
concentration and the related oxidative stress at elevated temperatures.  
Two explanations can be given for the scattering of the cell density measurements in the final phase. 
(i) Due to the heat (and oxidative) stress, cells are in transition to the stationary phase: some cells already 
reached the viable but non-culturable state (VBNC) and cannot be recovered by plate counting [11]. The 
presence of VBNC cells, however, suggests a constantly increasing proportion of cells that are no longer 
produced by plating instead of a variability in time. (ii) The cell counts scattering can be caused by the 
experimental procedure. Before plating, the sample is diluted. When cells are transferred from the 
bioreactor sample to the dilution medium, which is at room or refrigeration temperature, cells encounter a 
major temperature difference. This temperature shock can cause cell damage and cell death, affecting the 
full recovery of injured cells in plate counting. 
3.2.On the relation between heat and oxidative stress 
There is increasing evidence that the effect of elevated temperatures on microbial cells grown in 
aerobic conditions can be partly attributed to the accompanying oxidative stress. Stressful conditions 
induce a stress response, which can be specific or rather general. Many researchers show that 
growth/survival is supported at higher temperatures within anaerobic environments, compared to identical 
aerobic media [12, 13]. 
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Oxidative stress results from the production of reactive oxygen species (O2-x,H2O2, HO-x) during the 
reduction of molecular oxygen to H2O. E. coli is known to have at least two defensive systems to 
minimize oxidative stress. The O2-x components are transformed to O2 and H2O by Mn- and Fe-
superoxide dismutase, and H2O2 is reduced to H2O and O2 by catalase-hydroperoxidase I [14, 15]. The 
effect of glutathione, known effective against oxidative stress in other microorganisms, like 
Saccharomyces cerevisiae, is not yet unraveled [15, 16].  
The effect of heat on the oxidative stress in aerobic environments is twofold: (i) a decrease in the 
expression of the antioxidant genes and a lower stability of the antioxidant components, and (ii) an 
increase in the concentration of reactive oxygen species.  
During the dynamic experiment done in the well-aerated bioreactor, oxygen molecules are excessively 
introduced into the medium, which, at high temperatures, easily form reactive oxygen species. Since 
fewer oxygen molecules are contained in the non-aerated bioreactor and test tubes, the duration of the 
first growth phase is longer. Fewer oxygen molecules are thought to be contained in the non-aerated 
bioreactor medium given its small headspace/volume ratio (1/3), compared to the test tubes (24/1). The 
different oxygen concentration in the three experimental set-ups results in a variable degree of oxidative 
stress, which could explain for the difference in the duration of the first growth phase. As the duration of 
the initial growth phase, defined by the heat sensitive subpopulation, is influenced by the oxidative stress, 
inactivation of this subpopulation is possibly due to a malfunctioning of the stress response and thus also 
the oxidative defensive system. In this case, the combination of heat and the imbalance between 
generation and elimination of the ROS leads to cell death. The resistant subpopulation is able to tackle the 
heat stress as well as the oxidative stress, and continues growth. 
An analogous scenario exists for the test tubes. For those filled with the smallest volumes of BHI, 
diffusion of O2 from the headspace can maintain a saturated environment. However, as the volume 
increases, oxygen concentration becomes lower, certainly at the bottom of the test tubes, due to diffusion 
limitations.  
Smirnova et al. [12, 13] observed that a pre-adaptation of E. coli to growth at high temperatures 
induces changes in the level of ROS and the activity of antioxidant enzymes, i.e., the stress-adaptation. 
The incubation of E. coli at high temperatures results in an increased concentration of the antioxidants, 
which facilitates adaptation to further oxidative and heat stress. For the presented bioreactor experiments, 
the slow temperature increase seems to enable adaptation of the microbial cells to the increasing heat and 
oxidative stress and growth is supported up to 60ºC. As the oxidative stress is lower in the test tubes, 
adaptation of the heat resistant subpopulation, i.e., the heat shock response, is possibly less pronounced 
and growth is not sustained.  
4.Conclusion 
Presented results reveal that the experimental set-up can have a significant effect on microbial 
behavior, especially in the neighborhood of the growth/no growth boundary. The selected experimental 
set-up can, unexpectedly, bring along other relevant environmental factors, which must be accounted for 
when analyzing experimental results. As the behavior of microbial populations under aerobic heat stress 
is correlated with oxidative stress, dissolved oxygen concentration and oxygen supply can strongly 
influence the experimental outcome of microbial heat response studies. Well-considered selection and 
analysis of the experimental set-up is essential for sound microbial research. 
Reported findings are considered valid for low initial cell populations. For future work, effect of 
high(er) initial cell populations under dynamic temperatures is also worth investigating. For a better 
biochemical insight of oxidative stress in the bioreactor environment, ROS quenching molecules could be 
introduced to isolate the effect of oxidative stress from that of heat stress. 
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